i. Increase in exploration information with cumulative discoveries -which considers the geological information and technical know-how. ii. Decrease in recovery rate with cumulative discoveries -by ''depleting'' the opportunities of finding/producing new oil resources.
A trend in discovery roughly sets a trend in production in price taker countries. Since operational adjustments from producing oil fields are relatively inflexible, it is necessary to timely invest in new fields to increase oil production or replace declining fields [8] . This provides a relatively fixed time-lag between discovery and production, according to Hubbert [6] .
In addition, Hubbert [6] stated that the oil production curve should not be mandatorily symmetric. However, the Hubbert cycles hypothesis is assured by the Central Limit Theorem, provided that mines/wells are numerous and there are few regulatory constraints [9] . Then, worldwide production can be treated as a sum of independent random variables that in turn describe the production of individual wells/mines. The Hubbert model is widely used to predict future production of exhaustible natural resources. Several authors have used Hubbert models (or their variants) to forecast world oil production [8, [10] [11] [12] [13] [14] ; in addition, there have been efforts to forecast oil production in specific countries or regions such as USA [15] , Brazil [16] , North Sea Oil Fields [17] and OPEC countries [11] .
Nevertheless, Brandt [18] applied a Hubbert model for 139 oil producing regions and found that the Hubbert's simple curve does not track very well oil production in most regions. In addition, oil production could be modeled with more than one Hubbert cycle (the so called ''multi-Hubbert''), especially in countries with few basins and fields [19] . These multiple cycles are dependent on the expected profitability of each cycle's oil resources, as it influences discovery and production [8] .
Since Brazil is a price-taker, it could be hypothesized that oil discovery and production in this country would follow a Hubbert model [16] . Actually, Brazil is an interesting case for close examination when it comes to understanding the future role of oil as energy supply options for both the developing and developed worlds. The country became self-sufficient in terms of crude oil volume in April 2006, although it still relies on imported oil to achieve a higher-quality blend for oil refining processes [20] . In addition, in spite of becoming self-sufficient in volume terms, the country's petroleum policy kept the driver for increasing petroleum discoveries through bids until the large discoveries of pre-salt fields in 2008 2 .
However, Brazil is still an oil province frontier. Thus, given the still-limited ratio of wells drilled by accumulated discoveries, the country is in the stage where the effects of information on reserves addition are greater than the effects of depletion [23] 3 . For a frontier exploration area, such as the Brazilian sedimentary basins, forecasting oil production is not trivial and varies greatly with the probability of adding new reserves.
Hence, more detailed curve-fitting models could be proposed for Brazil, besides the single Hubbert approach already applied by Szklo et al. [16] . New approaches could follow, for instance, the work of Brandt [24] , Laherrère [25] , Nashawi et al. [11] and Mohr and Evans [12] by using multi-cycle Hubbert models (the so-called multi-Hubbert model), or even introduce some variants to those models, following Maggio and Cacciola [4] .
This study estimated Brazil's oil production curves according to different URR scenarios (P95, P50 and P5) by applying a modified multi-Hubbert model. This model improved the classic methodology by adding productive cycles and by allowing the revision of the assumption that production rate is strictly proportional to the first power of both depletion and information effects. It follows the Hubbert variant proposed in Maggio and Cacciola [4, 10] , which incorporates a parameter for depicting fatter tops in the productive cycles' curves; and estimates Brazil's oil production curves, according to different recoverable resources scenarios for post-salt resources. In addition, a new productive cycle associated with presalt resources is assessed. In this case, the analysis is highly uncertain, as no database on production is yet available to adjust the model to observed figures. Moreover, not mandatorily pre-salt will be restricted to one single additional cycle, as assumed in this study.
Therefore, in terms of methodology, the degree of originality of this paper is limited, because the theory has already been proposed in the scientific literature by other authors. Notwithstanding this, the derived results -even if referred to a specific country (Brazil) -may be potentially interesting for experts working in the field of oil production forecasts, since they add another contribution to this subject and present original results for an oil province frontier, including some initial projections for the pre-salt recent discoveries.
The remainder of the paper contains the description of the variant of the Hubbert model adopted in this study (Section 2), its application to Brazil's crude oil production, including initial scenarios for pre-salt basins (Section 3), and the final remarks of the paper (Section 4).
The variant of the Hubbert model proposed by Maggio and
Cacciola [4, 10] 
The basic model of Hubbert
Hubbert [6] noted that the rate of discoveries/production for a given set of fields would grow exponentially up to a maximum value after which it would decrease until reserves were exhausted, following a bell-shaped curve. Hubbert [6] also noticed that large fields tended to be found and put into production sooner, which contributes to the pattern described by the Hubbert's curve. Based on such a pattern, the Hubbert's model can project, based on a given amount of URR, the oil production curves, including the timing of peak production and of the exhaustion of a set of fields. The work of Hubbert [6] predicted with relative precision the oil peak production of Lower 48 states-USA. In a later study, Hubbert [7] proposed the following Eq. (1) based on that of a logistic curve for the initial geometric representation proposed in Hubbert [6] :
where Q D is the accumulated production up to time t, which tends to Q 1 , the URR; e is the neperian number; a and b are estimated parameters.
The above representation of the Hubbert Curve was reviewed by several authors [1, 8, 16, [26] [27] [28] to the following representation (Eqs. (2)-(4)):
so that,
where P t is the production in period t; P m is the production peak, which occurs in t m ; b and c are parameters obtained from the definition of Q 1 (URR) and the average life span of producing fields 4 .
Variants of the Hubbert model for one productive cycle
Despite the relative accuracy in modeling the production curves of the Lower 48 American oil fields, recent studies found other regions -or even newer American oil fields -do not follow the exact pattern of a simple Hubbert curve [4, 8, 10, 11, 16, 18, 19, [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Mohr [28] , for instance, incorporated in his Generalized Bass Model the possibility of interruptions in oil production that could resulted, for example, from the 1970s oil shocks. The model is equivalent to a simple Hubbert when no interruptions are considered. Brandt [18] added two parameters to the simple Hubbert curve that alter the shape of the either side of the curve, allowing for a non-symmetrical Gaussian curve. Rehrl and Friedrich [8] developed a variant of the Hubbert model called LOPEX (Long-term Oil Price and EXtraction), which separates countries into pricemakers (OPEC countries) and price-takers (non-OPEC countries). For the first set of countries, the production curve is built from a maximizing profit model that takes into consideration residual production from the rest of the world and has a Hubbert curve as the physical restriction to production.
Different authors [1, 2, 26, 27] proposed a hybrid approach in which the geophysical Hubbert model is inserted within an econometric framework that uses oil prices, amongst other economic variables, as explanatory variables to oil production. For example, the model developed by Kaufmann [1] is applied in two stages: in the first, the author fits the accumulated oil production to a logistic curve such as the Hubbert model; in the second stage, the deviation of the Hubbert curve to the actual production data is used as dependent variable in an econometric model explained by political and economic independent variables. Reynolds and Baek [2] , in turn, proposed an autoregressive distributed lag (ARDL) model to test whether the simple Hubbert curve is statistically significant in determining world oil prices. Unlike Kaufmann [1] , the deviation of production from the Hubbert curve is treated as an explanatory variable.
All the above mentioned variants of the Hubbert model attempted to better adjust production curves to actual oil production data. However, they are difficult to be implemented on a global level and have larger data requirements. The original Hubbert curve, on the other hand, is a relatively simple model to simulated oil production curves that requires little information [18] .
The multi-Hubbert model
The multi-Hubbert model was first proposed by Hubbert [6] , who noted that the production curve of oil fields in Illinois, USA, had two peaks. However, Hubbert considered it an ''exception of occasional outcrops in local area'' [6, p. 17] . A multi-Hubbert production curve is a sum of two or more simple Hubbert curves [7] . It occurs when there is an addition of new reserves after the first production peak had occurred [9, 11] .
Although Hubbert [6, 7] noted the existence of two cycles for an isolated case, Laherrère [19] argues that oil production in regions with few basins and/or fields is generally better represented by a multi-cycle curve. The multi-Hubbert model developed by Laherrère [19] follows the representation below (Eqs. (5) and (6)):
Restricted to:
where P t is the total production and, for each of the N cycles (i), P mi is the peak production level; Q 1i , is the URR; b i is a parameter in each logistic curve; and t mi is the time when production reaches its peak. When N = 1, the multi-Hubbert model is the same as the single Hubbert.
A variant of the multi-Hubbert model
Maggio and Cacciola [10] proposed an adjusting factor (k) to the multi-Hubbert model presented above, as follows:
Eqs. (7) and (8) differ from the traditional multi-Hubbert curve (Eqs. (5) and (6)) by the introduction of the constant k. When introducing the constant k (0 < k i 6 1), the time (t mi ) and production level (P mi ) are flattened. The production at the peak is, thus:
where P max i are the new production peak for each cycle i. When k = 1, the multi-Hubbert variant is the same as a simple multi-Hubbert. The model proposed by Maggio and Cacciola [10] is a practical solution to overcome the assumption that production rate is strictly proportional to the first power of both depletion and information effects. There is no evidence to suggest that these two effects should have equal weights in the multi-Hubbert function. However, it is hard to ponder the relative importance of each effect for a specific region.
As can be deducted from Eq. (7), the multi-Hubbert variant proposed by Maggio and Cacciola [10] uses few exogenous variables (P mi , k i , N, b i , e, t mi ). In this study, the URR value of each cycle was fixed (estimated). Then, Eq. (8), coupled with Eq. (7), was used to calculate the values of the slope b and of the parameter k for each productive cycle by fitting the curve to actual historical oil production data minimizing the standard quadratic deviation (SQD) for the full period of analysis (1954-2012) (instead of minimizing the SQD for each productive cycle).
3. Applying the modified multi-Hubbert model to Brazil's crude oil production
Definition of production cycles
The estimation of the URR of non-mature petroleum provinces, such as the Brazilian sedimentary basins, is not trivial. URR is fundamentally a dynamic concept that has both a physical and economic nature [24] , and is not the level of reserves that can be obtained under current technology, but rather the expected future URR that will occur [2] .
In this study, Brazil's crude oil database refers to the country's production from 1954 (after the creation of the national oil company, Petrobras) and 2012. Data derives from: BP [33] ; Petrobras [34] ; ANP [35] and Ferreira [36] . BP [33] was used as the main data source for 1964-1999. Petrobras data was used for 1954-1964; and ANP was used for 2000-2012. The average annual production in Brazil is presented in Fig. 1 .
Following the approach of Laherrère [19] , it is possible to observe three cycles for the Brazilian crude oil production:
1. The first cycle begins in 1954 and is mainly onshore. It began with the creation of Petrobras, when oil production in Brazil started in a larger scale. It remained predominant until 1970s. For this cycle, URR is accounted as the cumulative production from 1954 to 1990. 2. The second cycle begins with the first offshore wells drilled in the Campos Basin in 1968, after which offshore became the focus in oil exploration in Brazil. This cycle is mainly offshore, but at shallow waters (<400 m). It became important in the middle of the 1980s, after a series of offshores discoveries in the 1970s in the Campos Basin, which became the most important oil producing area in the country. For this cycle, URR is accounted as the cumulative production from 1974 to 1999 5 . 3. Finally, the third cycle begins became the major one after 1987.
It is mainly offshore at deep waters (>400 m). This cycle began in the 1980s, when Petrobras focused its exploration effort in the deep waters of the Campos Basin, leading to the discovery of large fields, such as Albacora (1984), Marlim (1985) and Barracuda (1989) . This was still the predominant cycle in Brazil as of 2012. For this cycle, URR is accounted as the sum of cumulative production and the remaining recoverable resources, according to three probability scenarios: P95, P50, P5 6 . For P95 (or proven reserves) this study used data from BP [33] , reaching the URR of 29.10 billion barrels. This is the most recent public available data on Brazil´s proven reserves and agrees with USGS data [37] , which dates from the middle of the 1990s. For P50 and P5, the study adopted the data of USGS [37] , reaching the remaining recoverable resources of 42.23 billion barrels and 100.85 billion barrels, respectively. As USGS [37] provides data from almost 12 years ago, Brazilian oil production from 2000 to 2012-8.33 billion barrels -was discounted from those values. This resulted in URRs of 47.75 and 106.42 billion barrels for P50 and P5, respectively.
In addition, a fourth production cycle associated with pre-salt resources is assessed in this study. In this case, however, the analysis is highly uncertain, as there is no effective production database yet available to perform the fitting of the Hubbert curve. Moreover, not mandatorily pre-salt will be restricted to one single additional cycle, since part of the resources will be produced under tax/royalty fiscal system, part under production share agreement and part Fig. 1 . Oil production by cycle (Mb/d) -Annual average of Brazil. 5 The separation of the intersecting years of the first two cycles was based on onshore and offshore historical production data. 6 Proven Reserves (1P) consist of the minimum volumes that may be technically and commercially recoverable with a 95% certainty (probability) level. Proven + Probable Reserves (2P): consist of the minimum volumes that may be technically and commercially recoverable with a 50% certainty (probability) level. Proven + Probable + Possible Reserves (3P): consist of the minimum volumes that may be technically and commercially recoverable with a 5% certainty (probability) level. For further information, see [37] . under onerous assignment [38] . In other words, three fiscal regimes will be applied to pre-salt resources.
In the multi-Hubbert model including the fourth pre-salt cycle, the curve for the third cycle, associated with post-salt production, uses the URR of P50. Actually, according to Szklo et al. [16] and Bentley et al. [39] , the level of probability related to P50 is more stable than the levels associated with P95 and P5. According to Owen et al. [40, p. 474] , ''1P estimates more closely represent oil that can be extracted using the infrastructure in place, rather than volumes of accessible oil in the ground. For this reason, 1P reporting has given the false illusion that reserves have been increasing when in reality estimates have just been converging at the 2P estimate as expected. Assuming estimates are accurate, 1P reserves would be expected to be revised upwards over time and 3P reserves downwards to converge at the estimated 2P volume. For this reason, 2P reporting should represent actual reserve volumes most accurately''.
For the exercise of the pre-salt productive cycle, three levels of resources are considered. Recoverable resources in the Brazilian pre-salt are defined following estimates made Costa and Souza-Santos [41] , Fishman [42] , OGJ [43] , Lima [44] , T&B Petroleum [45] and Maugeri [46] . The URR values used for the pre-salt cycle are: 30, 50 and 100 billion barrels. Unlike the figure of 50 billion barrels -which agrees with the estimates made by USGS [37] for mean resources in the Brazilian sub-salt basins of Campos, Santos and Espirito Santo basins -the lower and higher figures were not based on a log-normal distribution 7 as the post-salt resources were. The volume of 30 billion barrels is almost twice the current proven reserves in the fields of Lula, Iara, Guará, Parque das Baleias, Franco [47] . This is a widely accepted lower threshold for pre-salt resources in Brazil [41] [42] [43] [44] [45] [46] . The figure of 100 billion barrels is highly speculative, but can be found in some technical reports such as OCD [48] 8 and SC [49] . Nonetheless, this work performs a first projection using a multi-Hubbert approach for the Brazilian pre-salt using the most up to date information available, which can help understand the possible paths for future oil production in the country.
Methods
The methodology applied in this study is the one proposed by Maggio and Cacciola [10] -see Eq. (7) in Section 2.4, although some changes were made to it to adapt its application to the Brazilian case. First, the Brazilian crude oil historical productive cycles were identified both by analyzing the database and the history of the country's petroleum industry. There is no public available data to build creaming curves to Brazil, as done by Laherrère [25] for different countries and regions. Therefore, this study followed the approach of Chavez-Rodríguez et al. [50] , which defined productive cycles to Peru by inspecting the country's petroleum history and production.
In addition, following Szklo et al. [16] , initially, for each productive cycle, the useful life of the fields was initially set for 27 years. This also agrees with the regulation of the existing offshore fields whose production started after 1997 [51] . The parameter k was also initially set as 1.0 (particular case of the classic Hubbert model). Then, the values of slope b and parameter k were optimized. In other words, k and b of the modified Hubbert curve of each identified productive cycle were obtained by minimizing the relative standard deviation, for a fixed URR, by comparing the findings of the model (average annual production) with the historical production figures from 1954 to 2012 (the fitting was made for the full period of analysis).
Results for onshore and post-salt resources
As mentioned before, this study elaborated three scenarios for the Brazilian crude oil URR (excluding pre-salt) according to the probabilities of adding reserves in the third cycle (the one mostly associated with deep waters -offshore >400 m).
The first scenario is pessimistic, since it only accounts P95 reserves in 2011. URR totals 29.10 billion barrels. This is not the most likely scenario, but it shows what could happen if Brazil does not succeed in adding reserves or, even more important, in producing oil.
Scenario 2 corresponds to a probability of 50% of adding reserves (P50). Our estimates indicate that URR would total 47.75 billion barrels in this case. According to Szklo et al. [16] and Bentley et al. [39] , this is the most likely scenario.
Scenario 3 corresponds to a probability of 5% of adding reserves (P5). Our estimates indicate that URR would total 106.42 billion barrels in this case. This is an optimistic scenario for post-salt resources in Brazil. As stressed in Szklo et al. [16] , Brazil resources plotted in log-normal curves are very uncertain. Fig. 2 shows the multi-Hubbert curves for the three scenarios of URR.
In the first scenario, multi-Hubbert (P95), remaining reserves (URR less cumulative production until 2012) totals 15.2 billion barrels. In this case, Brazil's oil production (except pre-salt) would peak in 2015, reaching 2.37 Mb/d. Then it would decrease at b equal to 0.14 with a factor k of 0.97 in the last cycle (deep water). In the second scenario, multi-Hubbert (P50), remaining reserves totals 33.9 billion barrels. In this case, Brazil's oil production (except pre-salt) would peak in 2022, reaching 3.33 Mb/d. Then it would decrease at b equal to 0.11 with a factor k of 0.98 in the last cycle (deep water). Finally, in the third scenario, multi-Hubbert (P5), remaining reserves totals 92.5 billion barrels. In this case, Brazil's oil production (except pre-salt) would peak in 2035, reaching 6.59 Mb/d. Then it would decrease at b equal to 0.09 with a factor k of 0.96 in the last cycle (deep water).
The details of the results for each productive cycle are presented in Table 1 .
The first cycle is the same for the three scenarios. It reached a k equal to 1.00, fitting a classic Hubbert model, with b equal to 0.15. This finding is in line with that of Maggio and Cacciola [4] who applied this methodology for the world and found that the first cycle was a classic Hubbert model. The second cycle, where production in shallow waters (<400 m) predominates, was adjusted by the fitting with k smaller than 1.0. Interestingly, this cycle is the one that deviates the most from the classic Hubbert model. It concentrates the historical application of anticipated production systems by Petrobras to deal with the increasing and more costly offshore production of oil and the need to replace petroleum imports after the two oil shocks of the 1970s [52] 9 . Probably, this can explain why the useful life of this cycle is always smaller than the one found for the other two assessed cycles.
Interestingly, although we kept the URR of the second productive cycle unaltered, its b and k varied according to the fitting of 7 Normally, for the probabilistic approach, a Log-Normal curve is used, which expresses the probability level that the reserves in an oil field will be higher than a specific volume. This distribution has a proportionality effect of the following type: dy ¼ dx x , being very ''pessimistic'' for small objects and very ''optimistic'' for large objects [16] . 8 According to OCD [48, p.12], ''The fields, called the pre-salt fields due to the 2000 m thick layer of salt above the oil, contain an estimated 30-100 billion boe''. 9 Since the discovery of the Enchova field in the Campos Basin in 1976 Petrobras specialized in Early Production System in offshore fields, being able to anticipate production and, at the same time, provide detailed data about the reservoir [53] . At least four new important technologies were introduced: the subsea tree, the flexible production riser system, the monobuoy tanker facility, and the Quick Connection/ Disconnection Coupler (QCDC).
the last cycle. This is be explained by the fact that the fitting of the adjusted multi-Hubbert model was made for the full period and not for each productive cycle. This implied in changes in b and k, while the URR remained the same for the other cycles. Actually, because the third cycle begins before the end of the second cycle and the fitting considers the full period, a modification in the third cycle curve may alter the second cycle fitting too.
For the third cycle, where production in deep waters (>400 m) predominates, the estimates vary according to URR. Parameter k was always close to 1.0, seeming to indicate that a classic Hubbert model would not be a bad representation of this third cycle, although an adjusted Hubbert model reached slightly lower standard quadratic errors.
The accuracy of the fitting to the observed data from 1954 to 2012 gave a relative standard deviation of around 2% for the worst fitting. It equaled 1.24% and 1.66%, for scenarios of 1 (P95) and 2 (P50), and it reached 2.02% for scenario 3 (P5). These standard deviations are close to the ones found by Maggio and Cacciola [4] for world crude oil production, which hovered between 2.3% and 2.5%.
Finally, other four studies applied classic (or non-modified) Hubbert curves to Brazil [11, 16, 36, 54] . The first study by Szklo et al. [16] elaborated log-normal curves to Brazil and simulated single Hubbert curves for P75, P50 and P30. At that time, P75 corresponded to an URR of 41.03 billion barrels, which is quite similar to our new URR P50 forecast (equal to 47.7 billion barrel). Those authors found a peak of 3.28 Mb/d in 2020, which compares to our result of 3.33 Mb/d in 2022 for P50.
However, a second study by Nashawi et al. [54] , applied a classic (or nonadjusted) multi-Hubbert approach for a URR of 41.03 billion barrels (the same used in Szklo et al. [16] ) and found a peak of 4.27 Mb/d in 2020, which is line with our finding for the time of the peak but not for those of peak production rate. Since our fitting for scenario P50 resulted in adjusted parameters k very close to 1.0 (equal to 1.0 for the first cycle, and to 0.94 and 0.98, for the other two cycles, respectively), it is not reasonable to assume that the methodological differences between the multi-Hubbert adjusted model applied in this study and the classic multi-Hubbert model applied by Nashawi et al. [54] would explain the deviation between the two studies. For instance, by equaling all ks to 1 (or by forcing the adjusted multi-Hubbert to run as a classic multi-Hubbert) we found a peak production in 2022 of 3.29 Mb/d. Although it is not possible to find out in detail the reasons behind the divergences between the two studies, it is worth noting that the aims of Nashawi et al. [54] were to simulate multi-Hubbert models for 47 countries and the integrity of their exercise was established by comparing the predicted production data of 2006-2009 to the real historical data 10 . Our study focused only on the Brazilian case and Note: SQD considering historical and estimated total production from 1954 to 2012. 10 For Brazil, this period can lead to a bias due to the rush for the self-sufficiency in the country's petroleum balance [38] .
matched the model findings to the historical countrý s production from 1954 to 2012. Perhaps this more detailed analysis of Brazil could explain part of the differences between the two studies. A third study by Ferreira [36] simulated a multi-Hubbert model but with a less precise definition of URR. The author adopted a URR of 22.0 billion barrels, which is close to our scenario for P95 (29.1 billion barrels). Ferreira found a peak of 2.2 Mb/d in 2010, which is close to the peak found in this study for scenario P95 (2.4 Mb/d in 2015). Finally, Nashawi et al. [11] simulated a classic multi-Hubbert for Brazil considering three productive cycles (as done in our study) and a URR of around 21 billion barrels. They found a peak of 2.0 Mb/d in 2010. This also is in line with our simulations for scenario P95.
A preliminary scenario for the Pre-Salt cycle
This paper proposes a preliminary scenario for building a multi-Hubbert oil production curve having the recently discovered Brazilian pre-salt reserves as a fourth cycle. Three scenarios for URR were used. The first -multi-Hubbert Pre-Salt (30) -made an ad hoc assumption of 30 billion barrels based on the ad hoc analysis of Costa and Souza-Santos [41] and OCD [48] . This would lead to a total URR of 77.7 billion barrels for the country. The second scenario -multi-Hubbert Pre-Salt (50) -assumed an URR 50 billion barrels for the pre-salt cycle, following [37, [42] [43] [44] , which would imply in a total URR of 97.7 billion barrels. The third and last scenario -multi-Hubbert Pre-Salt (100) -uses the optimistic figures of [37, 42, 45] of 100 billion barrels of oil. Brazil's total URR would then equal 147.7 billion barrels.
To calculate the four cycle multi-Hubbert curve, which includes the pre-salt reserves, it was assumed that the production curve pattern of the fourth cycle is the same as that of the third cycle (post salt). Therefore, the values of b and k estimated for the third cycle (assuming P50) were applied to the fourth cycle. This was a necessary assumption since data for production in pre-salt fields are not yet available and, thus, these parameters could not be estimated by SQD.
Evidently, the results presented here are still preliminary, but they allow analyzing the behavior of future oil production for different URR assumptions, provided current production pattern is maintained. However, we acknowledge that this will not necessarily be the case, since the institutional changes underway in Brazil could change the exploration and production of oil in the pre-salt cycle [51] . Nevertheless, as of today we cannot identify and/or estimate the characteristics of this new cycle in order to properly apply a top down methodology like the multi-Hubbert.
The results for the different URR assumptions for the pre-salt cycle are presented in Fig. 3 .
For multi-Hubbert Pre-Salt (30) scenario, the oil production in the country would peak in 2027 at 4.9 Mb/d. The multi-Hubbert Pre-Salt (50) scenario, in turn, would peak in 2034 at 5.4 Mb/d. The last scenario -multi-Hubbert Pre-Salt (100) -reached a peak production of 8.2 Mb/d in 2047. All the above mentioned scenarios assume the P50 URR for the third cycle of the post-salt.
As expected, by adding the pre-salt fourth cycle, the Brazilian oil production capacity would be extended and a higher production peak would be achieved. However, one interesting exception is the multi-Hubbert (P5), which assumes the P5 URR for the post-salt cycle (106.42 billion barrels). This scenario has a thinner top when compared to multi-Hubbert Pre-Salt (50), with a comparable URR. Findings for multi-Hubbert Pre-Salt (50) show the possibility of sustaining an oil production higher than 4 Mb/d for almost 30 years, starting from 2018. This impressive figure is almost twice the current Brazil´s crude oil production.
Final remarks
Projecting future oil production is a key element for the energy planning and policy making of a country or region, particularly for investments in exploration and production, refining infrastructure and energy diversification. This study endeavored to estimate oil production curves for Brazil using the modified multi-Hubbert model proposed by Maggio and Cacciola [10] . Initially, modified multi-Hubbert curves were adjusted to three cycles considering different scenarios for the URR of the third (post-salt) cycle. Results point out to a maximum peak of 2.4 Mb/d in 2015, 3.3 Mb/d in 2022 and 6.6 Mb/d in 2035 for the P95, P50 and P5 post-salt URR, respectively. The accuracy of the fitting related to the observed data from 1954 to 2012 gave a relative standard deviation of around 2%. These results are consistent with, and yet more precise than, previous studies conducted for the country.
This implies that the use of a modified multi-Hubbert model that allow for adjusting the proportionality of the information and depletion effects is better suited for the case of the Brazilian oil production, when comparing to the classical approach. Nonetheless, other variants of the classical Hubbert model should be tested. For example, using a Verhulst function (Eq. (10) ), in which the information effect has a linear relationship with accumulated production while the depletion effect follows a non-linear relationship. It is not within the scope of this study to test such a function, but future studies could pursue this to complement the analysis performed here.
PðtÞ ¼ Q 1 ns ð2 n À 1Þ exp For the case of the pre-salt scenarios, future work would benefit from a more detailed reserve appraisal and effective production data for OLS estimation. Moreover, as new information on the pre-salt becomes available, it should be interesting to test whether this exploration frontier comprises more than one Hubbert cycle as different institutional arrangements come to place.
